Comprehensive studies that consolidate selective ligands, quantitative comparisons of G protein versus arrestin-2/3 coupling, together with structure-activity relationship models for G protein-coupled receptor (GPCR) systems are less commonly employed. Here we examine biased signaling at the nociceptin/orphanin FQ opioid receptor (NOPR), the most recently identified member of the opioid receptor family. 
Introduction
Understanding of signal transduction for known receptor systems will lead to more efficient and better directed approaches for clinical application. Employing comparative studies of ligands by in vitro assays allows the calculation of signal transduction coefficients, which can then be easily applied across model systems (Rajagopal et al., 2010 (Rajagopal et al., , 2013 Kenakin et al., 2012; Kenakin and Christopoulos, 2013; Zhou et al., 2013; van der Westhuizen et al., 2014) . Further, applying ligand-receptor interaction modeling in conjunction with ligand-specific signal transduction data sets can lead to identification of the various structure-activity relationships necessary for the rational design of "ideal ligands" for a particular receptor system, thus eliciting the desired outcome. In this work, we apply these principles of receptor pharmacology to the more recently discovered nociceptin opioid receptor system (also known as ORL1, OPRL1, N/OFQ).
The nociceptin opioid receptor (NOPR) and its endogenous peptide ligand, nociceptin (N/OFQ), are widely expressed throughout the central nervous system, and show high therapeutic potential in contexts involving pain, anxiety, addiction, and cardiovascular function. These and other studies report wide-ranging behavioral outcomes, and greater divergence depending on the ligand tested, yet no reports have identified NOPR ligand bias (Mollereau et al., 1994; Reinscheid et al., 1995; Murphy et al., 1999; Mogil and Pasternak, 2001; Yamada et al., 2002; Kapusta et al., 2005; Goeldner et al., 2008; Hirao et al., 2008; Marquez et al., 2008; Reiss et al., 2008; Varty et al., 2008; Hayashi et al., 2009; Cremeans et al., 2012; Gear et al., 2014; Zhang et al., 2014) . Other recent studies have characterized and described key residues involved in internalization, desensitization, and arrestin signaling of NOPR following activation with nociceptin (Corbani et al., 2004; Spampinato et al., 2007; Zhang et al., 2012) . The G protein-coupled receptor (GPCR) knowledge base has recently benefitted from many well designed studies uncovering unknown characteristics and mechanisms of action, spatial-temporal dynamics, and detailed insight into structure-function relationships Kahsai et al., 2011; Rasmussen et al., 2011; Bock et al., 2014; Lane et al., 2014; Motta-Mena et al., 2014) . In particular, the crystal structure of NOPR was recently solved in complex with a peptide mimetic of the selective antagonist UFP-101 [[Nphe 1 ,Arg 14 ,Lys 15 ]nociceptin-NH 2 ], itself a close derivative of nociceptin (Thompson et al., 2012) . However, there is still a dearth of information pertaining to the intricacies of the NOPR signal transduction system. Therefore, understanding the signal transduction capabilities of selective ligands and identifying the conformational states of biased signaling at the NOPR is critical to exploiting its potential therapeutic avenues.
Here we have examined the bifurcation of signaling at the NOPR system and propose the possible structure/function relationships of a series of commercially available and novel NOPR ligands. As part of this analysis, we designed and synthesized novel variant compounds with the selective, small-molecule, neutral antagonist J-113,397 [(6)-1-[(3R*,4R*)-1-(cyclooctylmethyl)-3-(hydroxymethyl)-4-piperidinyl]-3-ethyl-1,3-dihydro-2H-benzimidazol-2-one] as a basis. As recent GPCR studies have implicated the arrestin-recruitment conformation as a possible intermediate conformational state (Wacker et al., 2013) , we first selected a zero-efficacy ligand (Chang and Bruchas, 2014), J-113,397, as our archetype structure for modification. We made several incremental modifications to the structure of J-113,397 and screened these ligands for NOPR selectivity over the d, m, and k opioid receptors (Supplemental Table 1 ). In three NOPR-selective derivatives, we found that certain minute changes altered the putative binding pose in the orthosteric binding site of the NOPR, and were sufficient to elicit agonist activity and biased G protein signaling. Here we present a quantitative analysis of our novel NOPR-selective ligands along with commercially available small-molecule and peptide-based NOPR ligands to construct the first functional selectivity analysis of the NOPR.
Materials and Methods
3-Isobutyl-1-methylxanthine, forskolin, and coelenterazine (dissolved in 10% ethanol) were purchased from Sigma-Aldrich (St. Louis, MO). All NOPR-selective ligands: nociceptin; 1-[1-(1-methylcyclooctyl)-4-piperidinyl]-2-(3R)-3-piperidinyl-1H-benzimidazole trihydrochloride (MCOPPB trihydrochloride); 3-endo-8-[bis(2-methylphenyl)methyl]-3-phenyl-8-azabicyclo[3.2.1]octan-3-ol (SCH 221,510); 8-(1-naphthalenylmethyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decane-3-acetic acid, methyl ester (NNC 63-0532); J-113,397; N-(4-amino-2-methyl-6-quinolinyl)-2-[(4-ethylphenoxy)methyl]benzamide hydrochloride (JTC-801); and buprenorphine were purchased from Tocris Bioscience/Bio-Techne (Minneapolis, MN) and dissolved in to final 1% dimethylsulfoxide, with the exception of nociceptin (dissolved in water).
cDNA Constructs. pGloSensor plasmid was purchased from Promega Corporation (Madison, WI). Arrestin-2-Venus and arrestin- Functional Selectivity at the Nociceptin/Orphanin FQ Receptor 3-Venus were generated as previously described (Vishnivetskiy et al., 2011) . NOPR-Renilla luciferase 8 (Rluc8): pcDNA3 NOPR-yellow fluorescent protein (YFP) as previously described (Zhang et al., 2012) was digested with both XhoI and XbaI restriction enzymes, to remove the YFP tag. Rluc8 was polymerase chain reaction-amplified using high fidelity Taq and the following forward and reverse primers: 59-Xho1-Rluc8 (GAC TCA CTG CTC GAG CCT GCA GGC ATG GCT T), 39-Xba1-Rluc8 (GCT TTT AAT TAA TCT AGA GGC GCG CCG ATT ACT GC), respectively, and was ligated into digested pcDNA3 NOPR. Constructs were confirmed with DNA sequencing. Cell Culture and Transfections. Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM)/F-12 media supplemented with 10% fetal bovine serum containing 1Â penicillin/streptomycin (Invitrogen/Life Technologies, Grand Island, NY). HEK293 cells expressing human NOPR-YFP and GloSensor plasmid were generated as previously described (Zhang et al., 2012) . Stable HEK293 cell lines expressing pcDNA3 containing NOPR-YFP were generated by transfecting HEK293 cells with 5 mg of cDNA using SuperFect (Qiagen, Valencia, CA) reagent per the manufacturer's instructions and then placing the HEK293 cells under selective pressure with G418 (800 mg/ml) for 3 weeks. Colonies of surviving cells were selected and grown in individual 100-mm cell culture plates under 400 mg/ml of selective pressure for an additional 2-3 weeks. Fluorescence-activated cell sorting was then applied to cells for equal fluorescence between mutants and wild-type NOPR to further ensure equal receptor expression in each group. Transient transfections of NOPR-Rluc8 and Arrestin-2/3-Venus were performed 18-24 hours after cell plating using Lipofectamine 2000 (Invitrogen) according to manufacturer's protocol.
Preparation for G Protein-Mediated cAMP Measurement. HEK293 cells were stably transfected with both Promega's proprietary GloSensor plasmid (optimized for room-temperature-25°C experiments) and NOPR, as previously described (Zhang et al., 2012) . Cells were plated at a density of ∼100,000 cells/well on a 96-well opaque white plate 24 hours before assay. Approximately 2 hours before assay, cells were incubated at 37°C in CO 2 -independent media supplemented with 2% Promega GloSensor reagent. Gen 5.2 software (Biotek, Winooski, VT) was used to run the following luminescence protocol: Immediately after cells are treated with 10 ml of 10Â final concentration of forskolin (10 mM) and 3-isobutyl-1-methylxanthine (1 mM), the plate was inserted into the Synergy Mx plate reader (Biotek). After a 5-second shake period, total luminescence was read every 1 or 5 minutes with the kinetic read function. The forskolin response was allowed to reach peak for 10 minutes, then cells were treated with 10 ml ligand at concentrations ranging from 10 mM to 1 pM (Table 1) , and kinetic reads resumed for an additional 30 minutes. A minimum of three to four independent experiments, consisting of four replicates each, were performed for each concentration from multiple passage variations of NOPR expressing pGlo cells. Data analysis: Percent maximal cAMP response was calculated by normalizing relative luminescence units, using forskolin response as null and nociceptin response as maximum (100%).
Preparation for Bioluminescence Resonance Energy Transfer. HEK293 cells were transiently transfected with 125 ng of NOPR-Renilla luciferase8 (NOPR-Rluc8) plasmids and 1 mg of Venus-Arrestin-3 (or Venus-Arrestin-2) using Lipofectamine 2000 (Invitrogen). At 24 hours after transfection cells were reseeded in supplemented media (see Cell Culture and Transfections) without phenol red (cellgro) in triplicate (35,000-50,000 cells per well) into white, opaque, clear-bottom 96-well plates (Corning, Corning, NY). At 24 hours after plating, media was replaced with DMEM without phenol red (cellgro). Protocol: Prior to all experiments, the Synergy H1 plate reader was warmed to 37°C. Gen 5.2 Software (Biotek) was used to run the following bioluminescence resonance energy transfer (BRET) protocol. YFP fluorescence was measured from the bottom of the plate via area scan. Immediately after, cells were treated with coelenterazine-h and white plate seals (Thermo Scientific, Sunnyvale, CA) applied to the plate bottom. Plates were shaken by the reader for 5 seconds before total luminescence was measured for 1 second per well 2 times. Rluc8 and YFP (using 460/40-nm and 528/20-nm filters, respectively) were measured for 1 second every minute for 2 minutes, using the kinetic read function. To account for dilution, 10 ml of 10Â ligand concentration (or vehicle) was added to each well, and plates were shaken again. Kinetic luminescence reads resumed every minute for an additional 30 minutes. Three to six experiments, of three replicates each, were performed for each ligand. Data analysis: Owing to increasing overall luminescence over time, the regression from the vehicle treated cells was subtracted from experimental raw BRET values using Prism 6.0 (GraphPad Software, San Diego, CA). The average net BRET from the reads prior to treatment with ligands was subtracted from the net BRET, to yield a baseline-corrected net BRET. The baseline-corrected net BRET between different doses was used for concentration-response curves, which were then fit to a sigmoid using Prism 6.0. Ligand-induced BRET was calculated as the BRET ratio subtracted by the average BRET of the untreated baseline. Titration: To determine the optimal donor acceptor ratio, an acceptor saturation experiment was performed. HEK293 cells were transiently transfected with 125 ng of NOPR-Rluc8 plasmids and varying amounts (0-1.5 mg) of Venus-arrestin plasmids to produce the following Rluc8-to-YFP ratios: 1:0, 1:2, 1:4, 1:6, 1:8, 1:10, and 1:12. To equalize total DNA amount for each titration, pcDNA3 was added to a final amount of 2 mg of DNA. Total fluorescence to total luminescence (F/L) is a functional output of each ratio. The net BRET, defined as raw BRET minus the BRET of cells transfected with Rluc8 only, was used to construct a saturation curve (Supplemental Fig. S1 ). Titration curves were fit to a hyperbola using Prism 6.0 (GraphPad Software).
Calculation of Ligand Bias. Prism 6.0 (GraphPad Software) was used to calculate transduction coefficients, (t/K A 5 R), using a derivative of the Black-Leff operational model (Black and Leff, 1983; Kenakin et al., 2012; van der Westhuizen et al., 2014) . It is important Scheme 1. Synthesis of RTI-816 and RTI-819. Reagents: a) Si-BH 3 CN (2.5 Eq), cycloheptanecarboxaldehyde (1.5 Eq), 10% HOAc/THF; b) Si-BH 3 CN (2.5 Eq), 1-decalinecarboxaldehyde (1. 
Ligand Synthesis. The synthesis of RTI-4229-816 and RTI-4229-819 are shown in Scheme 1. Reductive alkylation of 1-ethyl-3-(3-hydroxymethyl-4-piperidinyl)-1,3-dihydrobenzimidazol (1 in Scheme 1) with cycloheptanecarboxaldehyde and decalinecarboxaldehyde using silica-bound cyanoborohydride yielded RTI-4229-816 and RTI-4229-819, respectively. Reductive alkylation of 2 (in Scheme 2) with 4-isopropylcyclohexanone using sodium triacetoxyborohydride afforded RTI-4229-856. -4229-816) . To a solution of 1-ethyl-3-(3-hydroxymethyl-4-piperidinyl)-1,3-dihydro-benzimidazol-2-one (1 in Scheme 1) (67.4 mg, 0.24 mmol) in tetrahydrofuran (THF) (2 ml) and acetic acid (0.2 ml) were added cycloheptanecarboxaldehyde (45 mg, 0.36 mmol) and silicabound cyanoborohydride (600 mg, 0.6 mmol). The reaction mixture was stirred at room temperature for 1 day. The reaction mixture was then transferred to a 20-ml vial and 100 mg (0.35 mmol) of polymersupported Trisamine (PS-Trisamine) was added. The vial was placed in a rotary shaker (200 rpm) for 1 day. The reaction mixture was then filtered under a pad of Celite that was rinsed with EtOAc, and the solvent was removed under reduced pressure to afford 0.13 g Scheme 2. Synthesis of RTI-856. Reagents: a) 4-isopropylcyclohexanone, NaBH(OAc) 3 , THF, 25°C. 67, 129.36, 121.85, 121.76, 121.43, 110.44, 106.15, 65.52, 61.74, 56.29, 53.48, 51.44, 40.35, 36.65, 36.09, 33.01, 31.52, 28.67, 28.51, 28.14, 27.17, 26.81, 26.61, 13.72 129.40, 121.77, 121.38, 121.04, 110.43, 108.13, 107.59, 61.98, 56.01, 55.28, 52.31, 51.73, 46.03, 36.82, 36.28, 35.79, 35.69, 35.23, 35.09, 34.42, 31.09, 29.82, 29.71, 28.50, 27.35, 26.72, 26.63, 26.53, 21.05, 13.73 -4229-856) . 4-Isopropylcyclohexanone, NaBH(OAc) 3 and HOAc were added sequentially to a solution of 1-(piperidin-4-yl)-3-ethyl-1,3-dihydro-2-one (2 in Scheme 2) in THF at 25°C and the mixture was stirred at 25°C overnight, diluted with EtOAc (10 ml), and quenched with aqueous NaOH (1N, 10 ml) . The layers were separated and the aqueous layer was extracted with EtOAc (2 Â 10 ml). The combined organic extracts were washed with brine, dried (Na 2 SO 4 ), and concentrated under reduced pressure. The residue was purified on a silica gel column using pressure column chromatography (CH 2 Cl 2 →CMA80) to provide 62% of RTI-4229-856 freebase. 9, 129.6, 121.0, 110.4, 110.2, 107.8, 64.6, 51.7, 49.7, 49.2, 44.2, 42.0, 36.2, 33.0, 29.8, , 26.0, 21.1, 20.3, 
Results
Real-Time cAMP Signaling Analysis Reveals Distinct G Protein Pathway Pharmacology of NOPR Ligands. We employed the previously described GloSensor assay (Zhang et al., 2012; Tsvetanova and von Zastrow, 2014) to quantify real-time downstream G protein signaling of a collection of well known, highly selective NOPR ligands ( Fig. 1A ; Table 1 ) by measuring the Ga i protein-induced inhibition of cAMP accumulation. Our impetus was to select ligands that have been previously shown to be highly NOPR-selective over other opioid and GPCR receptor subtypes, and that comprise a diverse array of chemical structures in order to provide better insights into structure-activity relationships and relative signaling profiles resulting from diverse functional groups. Our results show clearly distinguishable rank orders of potency (Fig. 1B) and statistically significant differences in the efficacies of partial agonists and antagonists ( Fig. 1C ; Table 1 ).
The small molecule MCOPPB was the most potent agonist tested, approximately 10-fold more potent than nociceptin and 100-fold more potent than SCH 221,510. MCOPPB also shows full agonist efficacy, comparable to the endogenous reference ligand nociceptin, and full agonist SCH 221,510 (Hirao et al., 2008; Varty et al., 2008) . Additionally, buprenorphine and NNC 63-0532 exhibit partial agonist efficacy (67.01 6 2.99% and 71.78 6 3.45%, respectively) and relatively lower potency, in congruence with previous studies, with NNC 63-0532 being the least potent NOPRselective agonist tested (Table 1) . These results establish relative pharmacological properties of G protein-mediated signaling for NOPR-selective ligands and allows for determination of rank orders of potency and efficacy in comparison with the reference endogenous ligand, nociceptin (Table 1) .
Synthesized Derivatives Demonstrate Antagonist/ Agonist Structure Activity Relationships. Using the small-molecule NOPR-selective neutral antagonist J-113,397 ( Fig. 2A) as the archetype ligand structure, we made minute modifications to the "message" moiety of the ligand (Zaveri et al., 2013) and tested three derivatives that showed high NOPR-selectivity (Supplemental Table 1 ) to explore the structure-activity relationships. In RTI-816, the N-cyclooctylmethyl is replaced with a N-cycloheptylmethyl, and the ligand remained an antagonist in our screen, with weak inverse agonist activity in this NOPR expression system. However, when the cyclo-octylmethyl is replaced with a decahydronaphthalen-1-methyl as in RTI-819, the signaling Ligand-induced arrestin-2 recruitment is similar to arrestin-3, except SCH 221,510, which is significantly different from both nociceptin and vehicle control. (C) Concentration-response curves showing different maximum efficacies, but similar potencies in nociceptin-induced arrestin-2/3 recruitment. All points are mean 6 S.E.M. (***P # 0.001, one-way analysis of variance, Tukey's least significant difference post-hoc test, n = 3-6, triplicate samples). n.s., not significant. Fig. 3 . Quantification of ligand-induced arrestin recruitment at NOPR. (A) BRET constructs were used to assess recruitment of arrestins to NOPR upon activation. Rluc8 luminescence (460 nm) is capable of exciting the Venus-tag on arrestin-2/3 resulting in a distinct emission wavelength (528 nm). Ligand-induced BRET between NOPR-Rluc8 and indicates arrestin recruitment to the receptor. Differences in recruitment level can be measured quantitatively by increase in fluorescence over luminescence. (B) Normalized concentration response curves for arrestin-3 recruitment to NOPR show rank order of potency for tested agonists. All points are mean 6 S.E.M., n = 3-6, triplicate samples.
Functional Selectivity at the Nociceptin/Orphanin FQ Receptor dramatically shifted from an unbiased antagonist to partial G protein agonist (Fig. 2C) . These data suggest the replacement of the N-cyclo-octylmethyl with an isopropylcyclohexane in RTI-856 does not change the partial agonist efficacy of the ligand; however, it should be noted that the loss of the alcohol from the piperidine could be responsible for the increase in potency seen in RTI-856 over RTI-819 (Fig. 2B) .
Ligand-Induced Arrestin Recruitment Using BRET Reveals Signaling Bias and Kinetic Differences. To directly quantify the magnitude of ligand-induced arrestin interaction with the NOP receptor, we employed a real-time BRET assay system to measure the direct interaction between NOPR and both arrestin-2 and arrestin-3 (Bertrand et al., 2002) . We used transient transfections consisting of the human NOP receptor with the Renilla reniformis luciferase (Rluc) energy-transfer donor fused in frame to the C-terminal domain, together with arrestin-2-Venus or arrestin-3-Venus energy-transfer acceptor proteins (Gimenez et al., 2012) . Coupling of NOPR to arrestin-3 was detected as an increase in the BRET signal, and indicative of arrestin-mediated signaling initiation (Figs. 3A, 4A , and 4C). Receptor and arrestin expression stoichiometry was carefully optimized to ensure ideal conditions (titers) of the receptor and both arrestin-2 and arrestin-3 to yield high dynamic range of signal-to-noise (Supplemental Fig. S1 ). These BRET data yielded concentration-response curves and EC 50 s for each NOPR agonist, as well as maximum efficacy in arrestin-3 versus arrestin-2 recruitment. In general, most NOPR agonists showed higher efficacy in arrestin-3 recruitment over arrestin-2 (Fig. 4) , consistent with our prior analysis of NOPR regulation pathways (Zhang et al., 2012) . Importantly, our system also allows for temporal resolution of recruitment and strikingly showed that nociceptin and MCOPPB induced maximum arrestin association with the receptor within 2-3 minutes (Fig. 5, A and C) . However, the agonist SCH 221,510 showed a significant prolonged response in time-to-peak for arrestin-3 and -2 recruitment in comparison with the other agonists, including the endogenous ligand nociceptin (Fig. 5,  B and D) . Interestingly, SCH 221,510 also uniquely recruited arrestin-3 and -2 at equal potency and efficacy (Fig. 4 , B and D; Table 1 ). This is not consistent with the endogenous ligand nociceptin (Fig. 4, A-D) , and consequently SCH 221,510 shows an arrestin-2 bias relative to nociceptin (Table 2) .
In these experiments, our ligand screen displayed a similar rank order of potency (Fig. 3B) consistent with an ∼1000-fold decrease in arrestin EC 50 compared with the EC 50 for cAMP inhibition for all agonists of both pathways (Table 1) in this study, but not exclusive to this ligand portfolio (unpublished data). Interestingly, the small-molecule MCOPPB, which exhibited the highest potency in the G protein-signaling assay, was markedly less potent in arrestin recruitment and uniquely showed an additional ∼100-fold decrease in potency for arrestin coupling compared with G protein activation (Fig. 6, A and B) . MCOPPB shows a concentration-dependent or potency bias, as the ligand is a full agonist in both signaling pathways but distinguishes itself in its potency at G protein versus arrestin signaling. Additionally, the maximum efficacy data demonstrate that the small-molecule NNC 63-0532 is not Nociceptin and MCOPPB share similar time-to-peak recruitment, whereas SCH 221,510 exhibits a more shallow slope. All points are mean 6 S.E.M. (***P # 0.001, ****P # 0.0001, one-way analysis of variance, Tukey's least significant difference post-hoc test, n = 3-6, triplicate samples).
sufficiently efficacious in promoting arrestin recruitment (Fig. 4, B and D) but acts as a partial agonist in the G protein-signaling pathway (Fig. 1C) . Potencies and efficacies for all ligands were determined where applicable, since a concentration response cannot be determined for neutral antagonists (Table 1) . Furthermore, while both J-113,397 derivatives are shown to be partial G protein agonists, RTI-819 and RTI-856 very weakly induced arrestin-2 and -3 recruitment (Fig. 4, B and D) . These data suggest that the NOP receptor is capable of functional selectivity and can do so through multiple modalities of G protein signaling or arrestin-3/2 engagement.
Determination of Ligand-Receptor Transduction Coefficients. Calculating signal transduction coefficients for ligands tested against a reference ligand can allow one to assume transduction properties of said ligands in unstudied systems (Rajagopal et al., 2010; Zhou et al., 2013) . Here we employed the widely used Black-Leff operational model to directly quantify a ligand's relative agonism, or transduction coefficient (t/K A or R) (Black and Leff, 1983; Kenakin et al., 2012; van der Westhuizen et al., 2014) . We selected the endogenous ligand nociceptin as the reference ligand, a natural choice that is further justified by its full agonist activity in both signaling outputs. We calculated transduction coefficients in both signaling outputs, and determined the level of agonism at each pathway relative to the reference ligand as Dlog(t/K A ), expressing the signaling capacity of a ligand in a given pathway, relative to the reference ligand. We then generated the comparative signaling pathway bias factor for each ligand, expressed as DDlog(t/K A ). We expressed the bias factor calculations in terms of G protein signaling, as the only observed biased ligands were G protein biased in this initial screen of available and new NOPR ligands ( Fig. 6B ; Table 2 ). Furthermore, differences in transduction seen in other ligands relative to the reference ligand should be system-independent and as such are predicted to hold their relative differences or similarities across model systems (Kenakin and Christopoulos, 2013; van der Westhuizen et al., 2014) .
As expected, the biased ligands that we previously observed to exhibit G protein bias in cAMP-inhibition and arrestinrecruitment assays show distinct G protein biases upon application of the operational model, with MCOPPB being the most effective in G protein signal transduction, and SCH 221,510 following in rank order. All other G protein partial agonists, including the novel partial agonists RTI-819 and RTI-856, show bias toward G protein signaling owing to their very weak recruitment of arrestins (Fig. 4, B and D) . Of note, buprenorphine also shows a G protein bias, although its nonselectivity for MOPR and KOPR must be noted for its application in other systems. Ligands that showed agonism of both pathways were analyzed for DDlogR to show their G protein bias compared with nociceptin ( Fig. 6B ; Table 2 ). These analyses confirm the observed pharmacology that showed G protein bias in NOPR ligands but provide a universally applicable, quantitative description of functionally selective commercially available ligands at NOPR.
Discussion
In this work, we have constructed an in-depth analysis of variable ligand-directed signaling at the NOPR. This work is TABLE 2 Calculated transduction coefficients of NOPR ligands Prism 6.0 was used to calculate transduction coefficients, (t/K A = R), using a derivative of the Black-Leff operational model (Kenakin et al., 2012; van der Westhuizen et al., 2014) . The endogenous agonist nociceptin was used as the reference ligand, and relative bias for each ligand is DlogR for each pathway. Arrestin DlogRs were subtracted from G protein DlogRs, and arrestin-2 from arrestin-3
DlogRs, then expressed as DDlogR, demonstrating the level of signaling bias in terms of G protein or arrestin-3. P values were calculated by comparison with nociceptin using an unpaired two-tailed t test. Bias factor = 10 Functional Selectivity at the Nociceptin/Orphanin FQ Receptor the first to identify biased signaling at the NOPR, and in two types of functional selectivity: potency bias and complete bias. These findings suggest new studies involving NOPR, whereby investigators can further design functionally selective compounds for NOPR and other opioid-related GPCRs. We observed ligands that quantitatively exhibit ligand bias in more than one distinct form. Although this distinction is clear in terms of experimental data, how this may arise in terms of theoretical receptor conformation is more speculative. These differences may be rooted in degrees of stabilization of the arrestin-recruiting receptor conformation. Alternatively, the observed distinctions may not in fact be different phenomena but could be explained by the potency of each ligand in the G protein-signaling arm, obfuscating a shared characteristic. Nevertheless, they remain different in terms of functional applications, since the low potency ligand makes arrestin recruitment occur at unrealistic and physiologically irrelevant concentrations. Importantly, this difference is independent of the aforementioned interassay potency difference of ∼1000-fold seen even in ligands not included in this study (unpublished data). This universal difference in interassay potency may be attributable to the amplification of signaling output or sensitivity of each assay. Whereas the BRET-based arrestin-recruitment assay is essentially a direct measure of recruitment, the G proteinoutput assay is a measure of an amplified tertiary downstream messenger, resulting in signal amplification. However, in our system this seems less probable, because of the close agreement of observed G protein-signaling potencies with previously published binding affinities and GTPgS data (Supplemental Table 2 , includes references). A more likely scenario for this discrepancy in potency is the converse, in that the BRETbased arrestin-recruitment assay is less sensitive in detecting signaling by comparison. We chose the BRET assay over other methods specifically because it allows for quantitative direct measurement of recruitment to the receptor without amplification; however, it is still limited by signal-to-noise ratio and detection limits, which require optimization (Supplemental Fig. S1 ). Furthermore, this discrepancy in potencies may be compounded by the lack of arrestin recruitment during low levels of receptor activation, since arrestin recruitment is known to be the main mechanism of receptor desensitization and in some cases may not be recruited at detectable levels until a threshold level of G protein receptor activation/ saturation and G protein-coupled receptor kinase phosphorylation is reached. This seems to be the case for NNC 63-0532, RTI-819, and RTI-856, as their partial agonist activity mirrors their inability to robustly recruit arrestin.
In this collection of well known NOPR-selective ligands, and novel antagonist derivatives, we were unable to find any ligands that displayed a dramatic signaling bias for arrestin recruitment, with the exception of SCH 221,510 which shows modest arrestin-2 bias relative to the other compounds in our assays ( Fig. 6B; Supplemental Fig. S3 ; Table 2 ). All other tested agonists, unbiased or biased, transduced their signals through the G protein-signaling pathway. The lack of arrestin-biased ligand discovery seems to agree with the large proportion of published biased GPCR ligands that is predominately G protein biased, and further suggest that arrestin recruitment to the receptor may not be truly independent of G protein activation but may be consequential in the context of the receptor-G protein activation, and conformationally additive to the activated receptor/G protein complex. This could explain the observed G protein agonism as the first stage of agonism and resolve the G protein-biased ligands as having less propensity for driving the conformation toward full or unbiased agonism to varying degrees. However, future studies with discrete point mutations in NOPR and inverse agonist ligands designed from this working model are needed to further examine these possibilities.
The importance of the results obtained in this study include not only the novelty of identifying biased signaling in the NOP receptor system but also the utility of the data that transcend system limitations and should apply to other model systems for NOPR. Using relative, quantitative comparisons of ligands to a reference ligand should eliminate "system bias" as well as "observational bias" and yield a similar relative signal transduction in another model system of interest, such as behavioral or clinical studies.
The relative signaling profiles extrapolated from our ligand collection containing distinct potencies, efficacies, and types of agonism inform structure-based strategies of functional NOPR modulation. In addition to identifying biased signaling at NOPR, we also identify several commercially available biased ligands that are highly selective for NOPR. Further, in this work we elucidate some previously unknown ligand structure-activity relationships through the synthesis of novel NOPR ligands. Still, additional work is needed to fully characterize NOPR functional selectivity, including characterizing additional signaling pathways and their implications in behavior, and understanding the variable receptor interactions with biased ligands, but we hope these findings are informative for future pharmacological investigations of opioid GPCRs.
